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Abstract Wounding of potato (Solanum tuberosum L.)
tubers induces the development of a suberized closing
layer and wound periderm that resists desiccation and
microbial invasion. Wound-healing ability declines with
tuber age (storage period). The mechanism of loss in heal-
ing capacity with age is not known; however, upregulation
of superoxide production, increased ABA biosynthesis and
phenylalanine ammonia lyase (PAL) activity in response
to wounding are processes critical to the development of a
suberized closing layer and wound periderm. Therefore,
the role of ABA in modulating the age-induced loss of
wound-healing ability of tubers was examined. Non-
wounded older tubers had 86% less ABA (dry matter
basis) than younger tubers. PAL transcript increased in
younger tubers within 24 h of wounding, but transcription
was delayed by 5 days in older tubers. Wound-induced
PAL activity increased more rapidly in younger than older
tubers. ABA treatment increased PAL expression and

activity in tissue from both ages of tubers and restored the
24 h transcription time line in older tubers. Moreover,
ABA treatment of wounded older tubers enhanced their
resistance to water vapor loss following a 6-day wound-
healing period. Wound-induced accumulation of suberin
poly(phenolic(s)) (SPP) and suberin poly(aliphatic(s))
(SPA) was measurably slower in older versus younger
tubers. ABA treatment hastened SPP accumulation in
older tubers to match that in younger tubers, but only
enhanced SPA accumulations over the initial 4 days of
healing. Age-induced loss of wound-healing ability is thus
partly due to reduced ability to accumulate ABA and mod-
ulate the production of SPP through PAL in response to
wounding and to dysfunction in the downstream signaling
events that couple SPA biosynthesis and/or deposition to
ABA. ABA treatment partly restored the healing ability of
older tubers by enhancing the accumulation of SPP with-
out restoring wound-induced superoxide forming ability to
the level of younger tubers. The coupling of phenolic
monomers into the poly(phenolic) domain of suberin was
therefore not limited by the diminished wound-induced
superoxide production of older tubers.
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Introduction

The wound-healing process in potato tubers is character-
ized by the development of a suberized closing layer and
associated wound periderm. Suberin is a hydrophobic bio-
polymer rich in poly(phenolic) and poly(aliphatic) materi-
als. The suberized cells and related hydrophobic matrices
guard the underlying tissues from fungal and bacterial
pathogens and serve as an eYcient barrier against moisture
loss (Vogt et al. 1983; Lulai and Orr 1994, 1995; Lulai and
Corsini 1998; Matsuda et al. 2003; Schreiber et al. 2005).
The ability of tubers to rapidly wound heal and develop an
eVective suberin barrier putatively declines with tuber age
(storage at 4°C, 95% RH). Thus, comparative evaluation of
wound-healing ability of tubers stored (aged) for varying
periods can generate valuable insights into the physiologi-
cal, biochemical and molecular processes that regulate the
early responses to wounding and wound healing.

Phenylalanine ammonia lyase (PAL), an enzyme that
catalyzes the Wrst step in the phenylpropanoid pathway
(Diallinas and Kanellis 1994; Kato et al. 2000), plays a crucial
role in the wound-healing process of potato tubers (Hyodo
1976; Borchert 1978; Croteau et al. 2000; Kumar and
Knowles 2003; Kumar et al. 2007b; Lulai et al. 2008).
Tubers up-regulate PAL transcription and activity in
response to wounding, which produces trans-cinnamic acid
and p-coumaric acid monomers that are ultimately incorpo-
rated into the poly(phenolic)/aromatic (SPP) domain of
suberin (Bernards 2002; Lulai 2007). It has been postulated
that wound-induced superoxide radicals (Doke 1983; Miura
et al. 1995; Johnson et al. 2003; Kumar and Knowles 2003)
may participate in the peroxidase-mediated oxidative cou-
pling of phenolic monomers into the aromatic domain of
suberin (Lewis and Yamamoto 1990; Bernards et al. 1999;
Razem and Bernards 2003; Kumar and Knowles 2003). This
oxidative coupling mechanism per se remains equivocal,
however, since superoxide production at the wound site is
not sustained throughout the wound-healing period (Kumar
et al. 2007b). After suYcient SPP material has accumulated
on cell walls, suberin poly(aliphatics) (SPA) are laminated
over the SPP domain (Lulai and Morgan 1992; Lulai 2007).

The ability to up-regulate superoxide production and
PAL activity in response to wounding declines with tuber
age (Kumar and Knowles 2003; Kumar et al. 2007b).
Attenuation of wound-induced superoxide production com-
promises the ability of tubers to deter microbial infection
(Kumar et al. 2007b). PAL activity is induced by various
stresses such as pathogenesis, insect herbivory, wounding
and exposure to low temperature (Dixon and Paiva 1995).
Exogenous ABA induces PAL activity in other species
(Jiang and Joyce 2003) and stimulates wound healing of
potato tubers (Soliday et al. 1978). Endogenous ABA
increases during wound healing (Soliday et al. 1978; Lulai

et al. 2008) and Xuridone-mediated inhibition of wound-
induced ABA biosynthesis decreases PAL activity, eVec-
tively reducing the accumulation of suberin poly(phenolics)
(Lulai et al. 2008). Importantly, addition of ABA to Xuri-
done-treated tissue restored PAL activity and suberization
(Lulai et al. 2008). ABA may therefore have a role in regu-
lating the loss of wound-healing capacity with tuber age.
We demonstrate that older tubers are indeed deWcient in
ABA and respond to exogenous ABA by up-regulating
PAL and restoring SPP accumulation for suberin biosyn-
thesis during wound healing. ABA treatment greatly
improved the wound-healing ability of older tubers. How-
ever, ABA did not restore the age-induced reduction
in wound-induced superoxide forming ability or SPA
deposition.

Materials and methods

Plant material and preparation of tuber tissue 
for wound healing

Virus-free potato seed tubers (cv. Russet Burbank, certiWed
Elite III from nuclear stock) were obtained directly from a
seed grower at harvest (early October). The tubers were
cured at 10°C (95% RH) for 10 days and then held at 4°C
(95% RH) for a total storage period of 6–18 months.

The eVects of tuber age and exogenous ABA on wound-
healing ability were determined over a 6-day healing
period. Tubers (150–200 g) were blocked for size into three
replicates (3 tubers per replicate), cut into thirds perpendic-
ular to the apical to basal axis, and the apical and basal
portions discarded. Slices, 3-mm thick, were cut from the
central third of each tuber with an electric food slicer. The
tuber slices were stacked and then cored ca. 2 mm inwards
from the periderm with a cork borer to produce 1.7-cm
diameter discs. The discs were rinsed free of surface starch
and immersed in milli-Q (Millipore Corp., Bedford, MA,
USA) water with or without 100 �M (§)ABA for 5 min.
This concentration of ABA was previously determined to
be optimal for regulation of suberization (Soliday et al.
1978; Cottle and Kollattukudy 1982) and for restoring
suberization following targeted inhibition of ABA biosyn-
thesis in discs of potato (Lulai et al. 2008). The treatment
solutions were decanted and the discs were placed on a per-
forated foam mat (Grip-It Shelf and Drawer Liner, MSM
Industries, Smyrna, TN, USA) set on moist Wlter paper in
Petri dishes (15-cm diameter) to wound heal. The dishes
were covered with lids containing two, 1-cm diameter holes
to ensure air circulation. The Petri dishes were placed in the
dark (23°C) for 6 days and the Wlter papers re-moistened
as needed during the wound-healing period to maintain
humidity at ca. 99%. Treatments (6- and 18-month-old
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tubers, two concentrations of ABA, and 6 days of healing)
were arranged factorially in a randomized complete block
design with three replications (3 tubers per replicate). Tuber
discs were sampled daily (18 discs per sample, collectively
representing 9 tubers) to assess suberization, ABA levels,
protein, PAL expression and activity. QuantiWcation of
endogenous ABA concentrations was limited to non-ABA
treated discs.

Determination of ABA

Changes in the ABA content of discs of tuber tissue from
the 6- and 18-month-old tubers (see above) were deter-
mined following an approach similar to that of Lulai et al.
(2008). Five discs were sampled daily during the 6-day
healing period for each of three replicates. The discs were
ground to a Wne powder in liquid nitrogen using a Retsch
model MM 301 ball mill (Retsch Inc., Newtown, PA,
USA). A 2-g aliquot of the frozen powder was homoge-
nized in absolute methanol (4°C), sonicated for 30 min in
an ice water bath, clariWed by centrifugation (10,000g,
15 min), and d6-[2H]-ABA was added as an internal stan-
dard. The pellet was re-extracted as above and the superna-
tants combined. The extract was then reduced to ca. 5 mL
under nitrogen, diluted to a Wnal methanol concentration of
70% (v/v), adjusted to pH 8.5 with NH4OH, and applied to
a 5-g C18 SPE column (Waters Corp., Milford, MA, USA)
that had been pre-washed and pre-equilibrated with 100
and 70% methanol, respectively. The sample was eluted
from the column with 75% methanol and the Xow through
and 75% (v/v) methanol eluates were combined. The com-
bined eluate was diluted to ·20% methanol, adjusted to
pH 3.0 with 10% formic acid and applied to an Oasis HLB
SPE column (Waters Corp., Millford, MA, USA) pre-
washed with ether, methanol and water. Flow through
from the loaded cartridge was discarded, the column was
washed with 15% ethanol, and the sample was eluted with
ether. The ether phase of the eluate was removed and the
residual aqueous phase was re-extracted three times with
additional ether. The ether phases were combined, dried
under nitrogen and re-dissolved in 100 �L methanol. ABA
was quantiWed by LC-MS-SIM by the methods of Destef-
ano-Betran et al. (2006) (ABA m/z 263, d6-[

2H]-ABA m/z
269).

EVect of ABA on wound-induced superoxide production 
and healing ability

The eVects of exogenous ABA on wound-induced superox-
ide production [NADPH oxidase (NOX) activity] from
18-month-old tubers were examined using the methods of
Miura et al. (1995). Tuber discs, treated with or without
ABA, were placed in Petri dishes to wound heal as

described above. After 16 h of healing, the discs were
coated with 25 �L of Tris-buVer (0.01 M, pH 7.5) contain-
ing 500 �g mL¡1 luminol and exposed to X-ray Wlm to
record the chemiluminescence as a measure of in vivo
superoxide production (see Kumar et al. 2007b). Four repli-
cates of discs (3 discs per sample) randomly chosen from
nine tubers were examined.

The eVects of tuber age and ABA treatment on the abil-
ity of parenchyma discs to develop resistance to desiccation
after wounding were also determined. ABA-treated discs
from 6- and 18-month-old tubers were wound healed for
6 days as described above. The healed discs were then sub-
jected to desiccation in a forced air incubator (VWR Scien-
tiWc Products, model 1575, West Chester, PA) at 45°C for
0, 10, 20, 40 and 80 min to evaluate their resistance to
weight loss (Kumar and Knowles 2003). Weight loss was
linear over the 80-min desiccation period. The rates of fresh
weight loss provided an indirect measure of the extent of
wound healing as aVected by tuber age and ABA. Samples
of the healed discs were also evaluated for the extent of
SPP and SPA accumulation over the healing period (see
below).

Suberization ratings and microscopy

The time course of suberization of parenchyma discs from
the 6- and 18-month-old tubers was determined over the
6-day healing period by the methods of Lulai et al. (2008).
Discs were sampled daily and placed in Farmer’s Wxative
composed of absolute ethanol/acetic acid (3:1 v/v). Sam-
ples for each time point consisted of three replicates with
each replicate made up of three discs. Analyses were done
on three sections per disc with two to three ratings per sec-
tion. The accumulation of suberin biopolymers was deter-
mined microscopically from 20-�m thick sections cut from
the discs with a Vibratome 1000 Plus Tissue Sectioning
System (The Vibratome Company, St. Louis, MO, USA).
Separate suberization ratings were determined for accumu-
lation of SPP (autoXuorescence) and SPA (toluidine blue
O/neutral red, Sigma Chemical Co. St. Louis, MO, USA)
constituents on suberizing cell walls using methods
described by Lulai and Morgan (1992) and Lulai and Cor-
sini (1998) as modiWed by Lulai et al. (2006). Microscopy
was performed with a Zeiss Axioskop 50 microscope con-
Wgured for epiXuorescent illumination as previously
described (Lulai and Corsini 1998). Digital images were
captured with a Zeiss color AxioCam camera (Carl Zeiss
Inc., Thornwood, NY, USA). Suberization ratings spanned
from zero = no accumulation, to Wve = accumulation about
the perimeter of the Wrst cell layer, to seven = accumulation
about the Wrst and second cell layer (Lulai and Corsini
1998; Lulai et al. 2008). The average ratings § SE are
reported (n = 3).
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Protein extraction, PAL activity and immunodetection

Lyophilized tuber discs were ground to a Wne powder with
pestle and mortar. Protein was extracted by vortexing
200 mg of lyophilized tissue in 1.0 mL of Tris-buVer
(0.1 M, pH 7.2) containing 2 mM sodium bisulWte, 1 mM
DTT, 0.5% (w/v) polyvinyl polypyrrolidone and 10 �L
of protease inhibitor cocktail (Sigma, St. Louis, MO USA)
at 4°C. The homogenate was centrifuged at 21,000g for
15 min (4°C). Following protein estimation (Bradford
1976), the supernatant was stored at ¡80°C.

PAL activity was assayed in the supernatant by the meth-
ods of Sugimoto et al. (2000) as modiWed by Kumar and
Knowles (2003). The reaction was initiated by adding
100 �L of enzyme extract to 900 �L of HEPES buVer
(100 mM, pH 8.0) containing 2 mM L-phenylalanine. The
reaction was incubated at 37°C for 40 min and stopped with
TCA (10% w/v, Wnal concentration). Samples were centri-
fuged at 21,000g for 10 min prior to determining A290. Con-
centrations of trans-cinnamic acid in the samples were
estimated from a standard curve. PAL activity was expressed
as nmol trans-cinnamic acid produced min¡1 mg protein¡1.

Soluble proteins in the tuber extract were separated by
SDS-PAGE (12% gels) (Laemmli 1970), electroblotted to
nitrocellulose and probed with anti-pea PAL antibody diluted
1:3,000 (Sugimoto et al. 2000; Kumar and Knowles 2003).
The blot was developed with alkaline phosphatase-conjugated
goat secondary antibody to rabbit and visualized by incubat-
ing in NaHCO3 buVer (100 mM, pH 9.8) containing 1 mM
MgCl2, 5.2 �M 5-bromo-4-chloro-indolyl-phosphate and
9.2 �M nitroblue tetrazolium (Kumar and Knowles 1996).

RNA extraction and RT-PCR

RNA was extracted from lyophilized tuber discs (nine tubers
collectively represented in each sample) by modifying the
method of Kumar et al. (2007a). Lyophilized discs were
ground with pestle and mortar and 100 mg of tissue was
mixed with 1.0 mL of Tris-buVer (0.1 M, pH 9.6) containing
0.65% (w/v) sodium sulWte, 0.2 M NaCl, 1% (w/v) SDS, 2%
(v/v) mercaptoethanol and 10 mM EDTA. Following centri-
fugation at 21,000g for 10 min (23°C), the supernatant was
mixed with an equal volume of water-saturated phenol and
centrifuged as above. The resultant upper phase was

extracted twice with equal volumes of chloroform:isoamyl
alcohol (24:1). After centrifuging (as above), the upper phase
was mixed with 0.1 volume of sodium acetate (3 M, pH 5.2)
and 2.5 volumes of absolute alcohol and held at ¡80°C (1 h)
to precipitate RNA. The pelleted RNA (21,000 g, 15 min)
was washed three times with 1.5 mL of 70% aqueous etha-
nol, dried free of residual alcohol at 65°C and dissolved in
50 �L of DEPC-treated water. RNA was quantiWed at A260.
The integrity of RNA was determined on 1% agarose gel.

Following DNase treatment (DNA-free kit, Ambion,
Inc., Austin, TX, USA), Wrst-strand cDNA synthesis was
accomplished with 5 �g of total RNA and oligo(dT)20

primer using the Fermentas RevertAid Firststrand cDNA
synthesis kit (Fermentas Inc., Glen Burnie, MD, USA)
according to the manufacturer’s instructions. PCR was car-
ried out with GoTaq® DNA polymerase (Promega Corpora-
tion, Madison, WI, USA) using gene-speciWc primers. The
forward and reverse primer sequences for PAL-1 and tubu-
lin are given in Table 1. For PCR, samples were initially
denatured at 94°C for 2 min, followed by 30 cycles of 30 s
at 94°C, 30 s at 54°C, and 30 s at 72°C. Final extension was
accomplished at 72°C for 5 min. Tubulin (TUBST1) served
as loading control. Gels were scanned and PAL transcript
levels were normalized to TUBST1.

Data analysis and presentation

Data were subjected to analysis of variance. Sums of
squares were partitioned into single degree-of-freedom
contrasts for main eVects (tuber age, ABA, time) and their
interactions, including polynomial (linear, quadratic) trends
with days after wounding where appropriate. Regression
coeYcients and coeYcients of determination are reported
along with signiWcance levels (P values) for correlation
coeYcients. Treatments were replicated three to four times
depending on the study. Standard errors are reported.

Results

Tuber age aVects ABA levels

Non-wounded, 6-month-old tubers contained 102 ng g¡1

dry weight ABA compared with 13 ng g¡1 dry weight in

Table 1 Forward (F) and reverse (R) primer sequences for the ampliWcation of transcripts of potato PAL-1 (TUBST 1, tubulin control)

RT-PCR results are shown in Fig. 4

Gene Primer sequence (5� ! 3�) Product (bp) Accession Reference

PAL-1 F-GCGATTTTCGCTGAAGTG
R-TGTTGCTCGGCACTCTGA

596 X63103 Wang et al. (2008)

TUBST-1 F-AAATGTGCAGAACAAGAACTCATCC
R-CATAACAAGTTCACTTTGGCAG

420 Z33382 Taylor et al. (1994)
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18-month-old tubers, characterizing an eightfold decline in
endogenous ABA concentration with tuber age (Fig. 1).
ABA concentrations dropped by 69 and 22%, respectively,
in 6- and 18-month-old tubers within 24 h of wounding.
These initial declines were followed by linear (P < 0.01)
increases in ABA concentrations of parenchyma discs
to maximum levels at 4 days (6-month-old) and 5 days
(18-month-old) after wounding, and the rate of increase
depended on tuber age. ABA concentration increased by
40 ng g¡1 dry weight day¡1 from day 1 to 4 during healing
of discs from 6-month-old tubers, as compared with
23 ng g¡1 dry weight day¡1 from day 1 to 5 in discs from
18-month-old tubers (age £ days after wounding,
P < 0.05). After reaching maximum levels, ABA concen-
trations declined in discs from both ages of tubers through
day 6; however, discs from younger tubers averaged 81%
higher ABA concentration than discs from older tubers
over the 6-day healing period (P < 0.01). Tuber age thus
aVected the timing, rate and extent of wound-induced ABA
synthesis.

EVects of tuber age and ABA on wound healing

Fresh-cut discs and discs healed for 6 days were subjected
to 80 min of desiccation at 45°C and the rate of fresh
weight loss compared as a relative measure of wound-heal-
ing eYciency (development of resistance to water vapor
loss) (Kumar and Knowles 2003). Regardless of tuber age
or ABA treatment, loss of fresh weight was linear
(P < 0.001) over the 80-min desiccation period (Fig. 2).
The rate of weight loss from fresh-cut discs from 6- and

18-month-old tubers averaged 35% h¡1 (R2 = 0.97, P < 0.001)
(data not shown). In contrast, wound healing for 6 days
substantially increased the resistance of discs to desicca-
tion; the average rate of fresh weight loss was only
13.3% h¡1 across treatments (Fig. 2 inset). Wound-healed
discs (non-ABA treated) from 18-month-old tubers lost
fresh weight 60% faster than those from 6-month-old
tubers, demonstrating a signiWcant (P < 0.001) reduction in
this relative measure of wound-healing eYciency in older
tubers (Fig. 2). ABA treatment had no eVect on the devel-
opment of resistance to desiccation in discs from 6-month-old
tubers; however, ABA signiWcantly enhanced the development
of resistance to desiccation in discs from 18-month-old
tubers (age £ ABA, P < 0.001). While ABA-treated discs
from 18-month-old tubers had 27% higher resistance to
fresh weight loss than non-treated discs (P < 0.001), resis-
tance remained 26% lower than in discs from 6-month-old
tubers (P < 0.01). Thus, ABA treatment partly restored the
ability to develop resistance to desiccation during wound
healing of older tubers.

Tuber age, wounding and ABA aVect PAL activity 
and expression

PAL activity was not detectable in intact tubers, but
increased rapidly in response to wounding (Fig. 3). Wound-
ing stimulated a 69% greater increase in PAL activity from

Fig. 1 ABA content in discs of parenchyma tissue from 6- (Wlled cir-
cle) and 18-month-old (inverted triangle) potato tubers during wound
healing in the dark at 23°C (99% RH). Each point represents 15 discs
(three replicates of Wve discs randomly chosen from nine tubers of each
age). The eVects of tuber age, days and their interaction were signiW-
cant at P < 0.01, 0.01 and 0.05, respectively. Data are presented as
§SE
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non-ABA treated tissue from 6-month-old tubers compared
to that from 18-month-old tubers over the 6-day healing
interval (P < 0.05). ABA treatment greatly stimulated PAL
activity (P < 0.01) regardless of tuber age. Maximum activ-
ity was reached approximately 5 and 4 days after wounding
in ABA-treated discs from the 6- and 18-month-old tubers,
respectively. Moreover, relative to their respective non-
ABA treated control discs, ABA stimulated PAL activity to
a greater extent in discs from older compared with younger
tubers. Hence, tuber age did not aVect the ability of discs to
up-regulate PAL activity in response to exogenous ABA,
and loss in the ability of older tubers to increase PAL activ-
ity in response to wounding was mostly overcome with
ABA treatment.

Tuber age, wounding and ABA treatments also aVected
PAL-1 transcript levels (Fig. 4). In non-ABA treated discs
from 6-month-old tubers, wounding induced formation of
PAL-1 transcript within 24 h and expression continued to
increase over the 6-day wound-healing period. Wounding
also induced PAL-1 expression in non-ABA treated discs
from 18-month-old tubers; however, relative to younger
tubers, expression was signiWcantly delayed and transcript
levels were barely detectable until day 5 in the older tubers.
ABA treatment signiWcantly increased the expression of
PAL-1 in discs from both ages of tubers over their respec-
tive controls and eliminated the 5-day delay in wound-
induced expression of PAL-1 during healing of discs from
older tubers. Hence, ABA treatment of wounded older
tubers restored their ability to express PAL-1 to levels con-
sistent with, or better than, non-ABA treated discs from
younger tubers.

PAL protein could not be detected by Western analysis
in intact tubers of either age (Fig. 4c, zero-time samples).
However, PAL protein (80 kDa) accumulated in both 6- and
18-month-old tubers in response to wounding. EVects of
tuber age, ABA and healing period on the amount of PAL
protein could not be resolved by Western analysis.

Tuber age and ABA aVect wound-induced suberization

Healthy tuber parenchyma tissue is devoid of suberized
cells. Neither SPP nor SPA is present directly upon wound-
ing (Figs. 5, 6). One day after wounding, a small amount
of SPP had accumulated on the outer tangential walls of
wound-responding cells from 18-month-old tubers,
whereas cell walls from 6-month-old tubers accumulated
discernibly more of this biopolymer (suberization ratings
for SPP accumulation of 0.4 versus 1.1, respectively)
(Fig. 5). This trend for slower SPP accumulation in tissues
from 18-month-old tubers was clearly evident in tissue
micrographs (e.g. day 4, Fig. 7a, c) throughout the wound-
healing period with ratings of 4.6 versus 5.9, respectively,
on the 6th day (Fig. 5). These ratings indicate that tissues
from 18-month-old tubers had not yet completed SPP lami-
nation of the Wrst cell layer and thus signiWcantly lagged the
wound healing of 6-month-old tubers, which had laminated
nearly 1.5 layers of cells with SPP by day 6.

Throughout the 6-day wound-healing time course, SPP
accumulation in ABA-treated tissue from 18-month-old
tubers approximately matched that from non-treated tissue
derived from 6-month-old tubers (Figs. 5, 7a, d). ABA-
treated tissue from 6-month-old tubers showed hastened

Fig. 3 Changes in phenylalanine ammonia lyase (PAL) activity dur-
ing wound healing of 6- and 18-month-old tubers as aVected by ABA.
Tuber discs were immersed in 100 �M ABA or water (control) for
5 min prior to wound healing in the dark (23°C, 99% RH) for 6 days.
Each point represents 30 discs (three replicates of ten discs randomly
chosen from nine tubers of each age). SigniWcant treatment eVects

included tuber age (P < 0.01), ABA (P < 0.01), days after wounding
(P < 0.01) and the interactions of age £ days (P < 0.05), ABA £ days
(P < 0.01), and age £ days separately for non-ABA and ABA-treated
discs (P < 0.07). *, **P < 0.05 and 0.01, respectively, for quadratic
correlation coeYcients. Data are presented as §SE
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SPP accumulation over all other samples with SPP suberi-
zation ratings of 2 and 6.3 at days 1 and 6, respectively
(Figs. 5, 7b). At 1.5 days after wounding, ABA-treated tis-
sues from 6-month-old tubers reached an SPP suberization
rating of three; this rating is the established point for resis-
tance to bacterial soft rot infection where all outer tangen-
tial cell walls have accumulated SPP forming a contiguous
SPP barrier. Tissues from 18-month-old tubers reached the
point of resistance to soft rot at slightly less than 3 days of
wound healing. Tissue from 6-month-old tubers reached the
point of bacterial soft rot resistance at slightly less than
2 days of wound healing as did ABA-treated tissues from
18-month-old tubers.

Accumulation of SPA began well after SPP (Fig. 6).
Discs from 18-month-old tubers did not begin to show
signs of SPA accumulation until on or after the fourth day
of healing. By the sixth day, initial traces of barely discern-
able SPA accumulations were found in the Wrst cell layer,
constituting a rating near one. ABA treatment resulted in
earlier initiation of SPA accumulation, i.e. from 2 to 3 days
after wounding in these older tissues. However, this
ABA-induced enhancement quickly plateaued and by the
sixth day of wound healing, SPA accumulation was

Fig. 4 Tuber age, wounding 
and abscisic acid (ABA) aVect 
PAL-1 transcript levels 
(a) during wound healing of tis-
sue from 6- and 18-month-old 
tubers. Tubulin (TUBST1) was 
used as a loading control (b). 
Immunodetection of PAL pro-
tein is shown in c (12 �g protein 
per lane). PAL-1 transcript 
levels have been normalized to 
TUBST1 in d. Tuber discs were 
immersed in 100 �M ABA or 
water (control) for 5 min prior to 
wound healing at 23°C (99% 
RH) in the dark. Primer 
sequences are presented in 
Table 1. Immunoblots were 
prepared using anti-pea PAL 
polyclonal antibody
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Fig. 5 EVects of tuber age and ABA on the accumulation of suberin
poly(phenolics) during wound healing of 6- and 18-month-old tubers.
Discs of tuber tissue were immersed in 100 �M ABA or water (control)
for 5 min prior to wound healing. Each point represents nine discs
(three replicates of three discs randomly chosen from nine tubers of
each age). Tuber age, ABA, days after wounding and the interaction of
age £ ABA £ days were signiWcant at P < 0.01. Data are presented as
§SE. Micrographs of the autoXuorescence of SPP on closing layer cell
walls at 4 days after wounding are shown in Fig. 7
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equivalent to that in non-treated tissue. Regardless of ABA
treatment, tissues from 18-month-old tubers failed to accu-
mulate suYcient SPA to block fungal infections. These tis-
sues were far short of an SPA suberization rating of Wve,
which indicates that SPA accumulation around the Wrst
layer of cells is complete with easily discernable and bright
Xuorescence about the entire perimeter of the cell walls in
the Wrst cell layer.

Non-ABA treated tissues from 6-month-old tubers began
to show signs of SPA accumulation after the third day of
healing with initial traces of barely discernable Xuores-
cence in the Wrst cell layer detected by the fourth day of
healing, meriting a rating of 1.2 (Fig. 6). SPA accumulation
continued to rapidly increase through the Wfth and to the
sixth day, at which time the rating exceeded Wve, the point
where these tissues would be resistant to fungal infection.
ABA-treated tissues from 6-month-old tubers showed early
signs of SPA accumulation on the second and third day of
wound healing with ratings less than one. By the fourth day
of wound healing, these tissues had advanced SPA accumu-
lations with faint, but discernable SPA about the entire
perimeter of the Wrst cell layer, a rating slightly above two.
The ABA-induced enhancement of SPA accumulation
diminished by the Wfth and sixth days of wound healing
with ratings of 2.8 and 3.7, respectively; both of these rat-
ings were lower than the non-ABA treated tissue for the
same time points, i.e. 3.3 and 5.2, respectively.

Discussion

Potato tubers develop a closing layer and periderm impreg-
nated with suberin in response to wounding, which confers
substantial resistance to desiccation and microbial invasion
(Vogt et al. 1983; Lulai and Orr 1994; 1995; Lulai and
Corsini 1998; Matsuda et al. 2003; Schreiber et al. 2005).
Suberization involves synthesis and integration of
poly(phenolic) and poly(aliphatic) components into the
wall matrix of the closing layer and associated phellem
cells of the wound periderm. Synthesis of phenolic mono-
mers requires induction of PAL activity (Croteau et al.
2000) and thus suberization has similarities to lignin bio-
synthesis, a process that is also dependent on PAL activity
(Lapierre et al. 1996). Inhibition of wound-induced ABA
biosynthesis in potato attenuates PAL activity and reduces
accumulation of SPP, which can subsequently be restored
with exogenous ABA (Lulai et al. 2008). Moreover, treat-
ment of tuber tissue with ABA stimulates wound healing
(Soliday et al. 1978). The ABA/PAL wound-signaling cas-
cade thus partly modulates wound healing of tubers, and
evidence that losses in the ability to invoke and/or respond
to portions of this pathway contribute to the decline in
wound-healing ability with tuber age has been provided.

Consistent with previous studies (Kumar and Knowles
2003; Kumar et al. 2007b), wound-healing ability declined
with tuber age. When subjected to desiccation stress,
wound-healed discs from 18-month-old tubers lost fresh
weight at a signiWcantly higher rate than those from
6-month-old tubers, characterizing a signiWcant reduction in
wound-healing ability of the older tubers (Fig. 2). Further-
more, the age-induced loss in healing ability was associated
with an initial eightfold lower concentration of ABA in
non-wounded older tubers (Fig. 1, zero-time), which corre-
lated well with observed diVerences in the degree of sprout-
ing of the 6- and 18-month-old tubers during storage at
4°C. While 6-month-old tubers had no visible sprouts,
18-month-old tubers had 2- to 3-mm long sprouts. Sustained
ABA synthesis is required to maintain dormancy in potato
tubers (Suttle and Hultstrand 1994; Biemelt et al. 2000;
Destefano-Betran et al. 2006) and it is likely that the lower
levels of ABA in 18-month-old tubers favored sprouting,
even at temperatures non-conducive to sprout development.

The ABA content of plants in general, and potato tubers
in particular, is a result of the balance between synthesis
and catabolism (Kushiro et al. 2004; Destefano-Betran
et al. 2006). While 9-cis-epoxycarotenoid dioxygenase
(NCED) plays a key role in ABA synthesis in plants (Zhang
et al. 2009; Xiong and Zhu 2003), catabolism is mediated
by ABA-8�-hydroxylase, which converts ABA into phaseic
acid (Cutler and Krochko 1999; Kushiro et al. 2004; Saito
et al. 2004). The eightfold out-of-storage diVerence in ABA
content of 6- and 18-month-old tubers (Fig. 1) is no doubt a

Fig. 6 EVects of tuber age and ABA on the accumulation of suberin
poly(aliphatics) during wound healing of 6- and 18-month-old tubers.
Discs of tuber tissue were immersed in 100 �M ABA or water (control)
for 5 min prior to wound healing. Each point represents nine discs
(three replicates of three discs randomly chosen from nine tubers of
each age). Tuber age, days after wounding and the interaction of
age £ ABA £ days were signiWcant at P < 0.01. Data are presented as
§SE
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consequence of the continuous decline that begins follow-
ing harvest and regulates tuber dormancy progression (Suttle
1995; Destefano-Betran et al. 2006; Lulai et al. 2008).

In agreement with the report of Lulai et al. (2008), ABA
levels initially declined in response to wounding and, after
24 h, increased to maxima at 4 and 5 days of healing
in discs from 6- and 18-month-old tubers, respectively
(Fig. 1). However, ABA levels remained consistently lower
in 18-month-old tubers over the 6-day healing period. Since
endogenous ABA increased at an attenuated rate in discs
from 18-month-old tubers during wound healing (Fig. 1),
the ability to synthesize ABA was not totally compromised
by tuber age. Increased catabolism of ABA in discs from
older tubers may also have contributed to the reduced ABA
accumulation during wound healing. Regardless of the
mechanism, age-related diVerences in wound-induced ABA
content appeared to aVect the healing ability of older tubers
through eVects on PAL activity and the production of
suberin biopolymers.

PAL activity is induced by a variety of factors that cause
abiotic and biotic stress such as herbivory, drought, expo-
sure to low temperature and wounding (Zucker 1968;
Tanaka and Uritani 1976; Hahlbrock and Scheel 1989;
Dixon and Paiva 1995; Bernards et al. 2000; Kato et al.
2000; Pociecha et al. 2009). The linear rate of wound-
induced increase in PAL activity (non-ABA treated discs)
was nearly twofold higher in younger compared with older
tubers (2.70 vs. 1.42 nmol min¡1 mg¡1 protein per day)
over the 6-day healing interval (Fig. 3). Exogenous ABA
enhanced wound-induced PAL activity in discs from both
ages of tubers, completely eliminating the age-induced
diVerence in activity over the initial 60 h of healing. PAL
activity in ABA-treated discs from older tubers was greater
than in non-ABA treated (control) discs from younger
tubers. Therefore, tuber age did not compromise the ability
of tissue to up-regulate PAL in response to ABA. Further
evidence for this is provided by the analysis of PAL-1 tran-
script. While wounding enhanced PAL-1 expression in both

Fig. 7 EVects of tuber age and ABA treatment on suberin poly(pheno-
lic) (SPP) accumulation on closing layer cell walls developing 4 days
after wounding. a Wound-healing tissue from 6-month-old tubers;
b ABA-treated, wound-healing tissue from 6-month-old tubers;
c wound-healing tissue from 18-month-old tubers; and d ABA-treated,
wound-healing tissue from 18-month-old tubers. Scale bars equal
50 �m. The autoXuorescence is indicative of SPP accumulation in
these tissues. Note the decrease in SPP accumulation on the cell walls

of wound-healing tissue from 18-month-old tubers (c) compared to
that from 6-month-old tubers (a). Also, note that ABA treatment of
wound-healing tissue from 18-month-old tubers (d) increased SPP
accumulation to approximate that of 6-month-old tubers (a). Treatment
of tissue from 6-month-old tubers with ABA (b) further increased Xuo-
rescence (SPP accumulation) compared to non-treated tissue of the
same age (a). The time course of SPP deposition is shown in Fig. 5
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ages of tubers, the response was signiWcantly delayed in
older tubers (Fig. 4a, d). ABA treatment completely elimi-
nated the 5-day delay in wound-induced PAL-1 expression
in discs from 18-month-old tubers, which is consistent with
the notable stimulation in overall activity (Fig. 3).

PAL-1 transcript levels did not correlate as well with
PAL activity during healing of older tubers compared with
younger tubers. For example, the PAL-1 transcript level in
non-ABA treated discs from 18-month-old tubers at day 6
was about equal to that of non-ABA treated discs from
younger tubers (Fig. 4a, d), yet PAL activity was 43%
lower in discs from the older compared with the younger
tubers (Fig. 3). Moreover, from day 4 to 6, average PAL
activity was 47% higher in ABA-treated tissue from
younger tubers compared with older tubers, despite equiva-
lent levels of PAL-1 transcript (2.6 normalized to
TUBST1) averaged over this period (Fig. 4a, d). These dis-
crepancies may be a consequence of increased protein
breakdown in the older tubers. Protein content declines
with tuber age, concomitant with increases in the activity of
Cys-proteases (Kumar et al. 1999; Weeda 2010). The solu-
ble protein content of 18-month-old tubers was ca. 9%
lower (P < 0.05) than that of 6-month-old tubers. Increased
catabolism of newly synthesized PAL in discs from
18-month-old tubers may have limited the ABA-induced
increase in activity relative to that observed from the
younger tubers.

Wound-induced de novo synthesis of PAL (Zucker
1968; Bernards et al. 2000; Kumar and Knowles 2003;
Lulai et al. 2008) contributes to the development of the
suberin polyphenolic (SPP) domain (Bernards 2002; Lulai
et al. 2008). Consistent with the reduced wound-induced
expression (Fig. 4) and activity of PAL (Fig. 3), discs from
18-month-old tubers accumulated SPP at a much slower
rate than discs from 6-month-old tubers (Figs. 5, 7a, c).
This diVerence delays SPP accumulation in the 18-month-old
tubers by approximately 0.5–1.5 days behind the 6-month-old
tubers during the initial 5 days of healing (Fig. 5). Thus,
18-month-old tubers took longer than 6-month-old tubers to
reach the point where suYcient SPP accumulated to form a
barrier to bacterial soft rot infection. ABA treatment com-
pletely abolished the age-related diVerence in the ability to
accumulate SPP; a response consistent with the ABA-med-
iated up-regulation of PAL expression in the 18-month-old
tubers (Figs. 3, 4, 7a, d).

ABA treatment of discs from 6-month-old tubers also
enhanced the production of SPP over non-treated discs with-
out aVecting buildup in resistance to desiccation (Fig. 2),
indicating that SPP was not limiting to wound healing in the
younger tubers. This response may reXect the fact that the
‘younger’ tubers were already 6 months old and thus had
lost some ability to produce and respond to endogenous
ABA with SPP production in response to wounding.

Involvement of ABA in the induction and accumulation of
SPP has been reported previously (Lulai et al. 2008). Col-
lectively, these results indicate that the reduction in SPP
accumulation with tuber age is primarily due to reduced
ability to produce ABA in response to wounding, rather than
to loss of ability to respond to ABA for downstream events
leading to the development of the SPP domain of suberin.

While SPP deposition guards the wounded tissue against
bacterial infection (Lulai and Corsini 1998; Lulai et al.
2008), the SPA domain is responsible for containing fungal
infections (Lulai 2005; Lulai et al. 2006; Thomas et al.
2007; Lulai et al. 2008). Similar to SPP accumulation, SPA
accumulation during wound healing was slower in discs
from older tubers compared with younger tubers (Fig. 6).
However, induction of SPA accumulation in the discs from
18-month-old tubers was more severely limited than for
SPP, particularly from day 4 onward. After the fourth day,
the ABA-mediated enhancement of SPA accumulation in
6-month-old tuber tissue was lost; this may have been due
to catabolism of the exogenous ABA (Cutler and Krochko
1999; Kushiro et al. 2004; Saito et al. 2004) or to an age-
related decoupling of the regulation of SPA by ABA, which
may involve deterioration of ABA receptors and binding
speciWc for SPA.

Although ABA treatment induced earlier SPA accumu-
lation in 18-month-old tuber tissue, this accumulation did
not rapidly advance on the wound-healing cell walls as in
the younger tissue. Also, unlike ABA-enhanced SPP accu-
mulation in 18-month-old tuber tissue, ABA treatment did
not enhance SPA accumulation in the older tuber tissues to
the point where it matched the non-treated 6-month-old
tubers. Therefore, ABA failed to completely restore the
wound-healing ability of 18-month-old tubers to equal that
of 6-month-old tubers (Fig. 2). The above indicated dispar-
ity for ABA-induced enhancement of SPP versus SPA
accumulation in 6- and 18-month-old tuber tissues may
result from diVerent chemistries in older tissues, including
the need for more ABA by the Wfth and sixth day of wound
healing and/or deWciency of another regulatory factor for
SPA that is not as tightly linked to ABA-induced SPP accu-
mulation. The wound-healing tissues from 18-month-old
tubers did not accumulate suYcient SPAs to block fungal
infection (i.e. a rating of Wve, Fig. 5), which indicated that
SPA accumulation was complete about the Wrst cell layer
and was characterized by easily discernable and bright/
intense Xuorescence about the entire perimeter of the Wrst
layer of suberizing cells. Increased susceptibility to bacte-
rial and fungal infections has been demonstrated during
wound healing of 18-month-old tubers (see Fig. 8) (Kumar
and Knowles 2003; Kumar et al. 2007a, b).

ABA treatment also failed to restore the ability of older
tubers to induce NOX and produce superoxide at the wound
site to the same extent as that observed in younger tubers
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(Fig. 8). The wound-induced oxidative burst from NOX
increases to a maximum at approximately 24 h after
wounding and then declines to pre-wounding levels by 70 h
(Kumar et al. 2007b). This initial wound response is greatly
attenuated with age; 18-month-old tubers have substantially
reduced ability to produce superoxide in response to
wounding (compare autoluminographs in Fig. 8a, b; see
also Kumar et al. 2007b). Since wound-induced SPP accu-
mulation in older tubers was restored with ABA treatment
(Fig. 5) without restoring wound-induced superoxide pro-
duction (Fig. 8b), the age-dependent reduction in wound-
induced NOX activity was likely inconsequential with
regard to the ability of older tubers to oxidatively couple
phenolics into the aromatic domain of suberin. However,
the reduced oxidative burst of older tubers in response to
wounding greatly increases their susceptibility to decay
(Fig. 8; Kumar et al. 2007b).

In summary, older tubers are less eYcient at accumulat-
ing ABA in response to wounding than younger tubers,
which aVects the downstream metabolism critical to

suberization and the development of resistance to desicca-
tion during wound healing. The reduced wound-healing
ability of older tubers can be partly rectiWed by treatment
with ABA. Exogenous ABA corrected the transcriptional
delay of PAL-1 during wound healing of older tubers, thus
restoring the synthesis and accumulation of SPP. ABA did
not restore the ability of older tubers to accumulate SPA,
which accounts for only partial recovery in wound-healing
ability of the older tubers. Further work should focus on
elucidating the mechanisms of age-induced dysfunctions in
wound-induced ABA metabolism and on characterizing the
downstream signaling events that couple SPA biosynthesis
and/or deposition to ABA. This decoupling likely explains
why the age-induced loss of healing ability was only partly
recoverable with ABA treatment. The aged tuber model
system has allowed dissection of the role of ABA in the
induction of PAL and in the regulation of SPP and SPA
deposition during suberization and has thus increased our
understanding of the wound-healing process in potato
tubers.

Fig. 8 Schematic illustrating the eVects of tuber age on wound-in-
duced superoxide production from discs of tuber tissue. Discs cut from
6- and 18-month-old tubers were wound healed for 16 h (23°C, 99%
RH) and then treated with luminol (see “Methods”). Wounding induc-
es NADPH oxidase (NOX), which generates superoxide radicals at the
wound site. NOX activity increases to a maximum at approximately
24 h after wounding then decreases to pre-wounding levels by 70 h
(Kumar et al. 2007b). The luminol treated discs were placed on X-ray
Wlm in the dark. The wound-induced superoxide reacts with luminol to
emit photons and expose X-ray Wlm, resulting in tissue prints (autolu-
minographs) of superoxide production from the discs. Autolumino-
graphs of healing discs from 6- and 18-month-old tubers are shown in
a and b, respectively. Previous work has shown that inhibition of

superoxide formation by diphenyleneiodonium chloride (DPI) enhanc-
es susceptibility of the tuber tissue to fungal infection (note decay of
cores of tuber tissue treated with DPI) (Kumar et al. 2007b). Wound-
induced superoxide production is greatly reduced in 18-month-old
tubers (b) and cannot be restored with ABA treatment, even though
ABA enhanced the accumulation of SPP (Fig. 5) and wound-healing
ability (see Fig. 2). Hence, the extra transient burst of wound-induced
superoxide radicals characteristic of younger tubers is not necessary
for the oxidative coupling of phenolics into the poly(phenolic) domain
of suberin during healing. Wound-induced NOX activities were ca. 16
and 10 nmol NADPH oxidized min¡1 g fresh weight¡1 in discs from
6- and 18-month-old tubers, respectively (Kumar et al. 2007b). PM
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